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Gas-phase clustering reactions of halide ions (X2 5 F2, Cl2, Br2, and I2) with ethylene (C2H4)
and propylene (C3H6) were studied with a pulsed electron beam mass spectrometer. Bonding
energies of all cluster ions were found to be less than 10 kcal/mol, i.e., no anion-initiated
polymerization of C2H4 and C3H6 took place. For the cluster F
2(C2H4)n, a small gap in the
binding energy is observed between n 5 4 and 5 suggesting that the first shell is completed
with n 5 4. For larger halide ions, the bond energies for the clusters X2(C2H4)n were found to
be nearly n independent. For Cl2(C3H6)n a steep decrease in binding energies was observed
between n 5 2 and 3 and n 5 3 and 4. The structure of the cluster ions was investigated by
ab initio calculations. X2(C2H4)n complexes were calculated to have hydrogen-bond geome-
tries regardless of the identity of the halide ions, and bidentate (chelate) type geometries of
X2(C3H6)1 were found. (J Am Soc Mass Spectrom 2001, 12, 144–149) © 2001 American
Society for Mass Spectrometry
Halide ions (X
2) are representative negative ions.
Ethylene and propylene are the simplest ole-
fins. In spite of the generality of these species,
strangely enough, X2 . . . olefin interactions have not
been investigated. C–H bonds of these simple olefins
are expected to interact with X2 and when the interac-
tion is strong, anionic polymerization might be initiated
by X2. Gas-phase X2(olefin)n clusters are suitable and
fundamental systems to examine the intrinsic hydro-
gen-bonding ability of vinylic C–H bonds with halide
ions (X2 5 F2, Cl2, Br2, and I2). The first objective of
this work is to evaluate accurately the magnitude of the
X2 . . . olefin interactions.
Ionic as well as radical polymerization plays an
important role in organic plasmas and also in the
condensed phase. The radical cation-initiated polymer-
ization of alkenes has been investigated extensively for
several decades [1–6]. Castleman and co-workers found
that, after photoionization of neutral clusters, a radical
cation-initiated intracluster polymerization takes place
in the cluster ions [6]. Due to steric hindrance, the
polymerization does not continue indefinitely as the
cluster size increases. For C2H4, pentamer formation
was observed, and for C3H6, trimerization. In the case of
three isomeric butenes, 1-butene is partially trimerized
and only dimerization is observed in 2-butene [6].
El-Shall et al. [4] investigated electron impact and
multiphoton-induced reactions in isobutene clusters.
They found the formation of a covalently bonded
isobutene dimer radical cation in clusters. These ad-
ducts also undergo H2 transfer yielding unsaturated
ions that do not polymerize further. They concluded
that bulk polymerization of isobutene to high molecular
weight polymers can only proceed by carbocationic
propagation. In our recent work, NO1-initiated dimer-
ization of C3H6 to form [NO(C3H6)2]
1 has been ob-
served [7]. This result is of particular interest consider-
ing that NO1 has a closed shell and is isoelectronic with
the inert N2 molecule.
Despite the wealth of investigations on the positive
ion/molecule reactions in alkenes, studies on the reac-
tions of negative ions with alkenes are scarce. The
second objective of the present work is to investigate
the reactivity of halide ions toward C2H4 and C3H6. It
was found that the four halide ions investigated here
are bound with C2H4 and C3H6 merely by weak inter-
actions and they do not initiate polymerization in the
cluster ions.
Experimental and Computational
Methods
The experiments were carried out with a pulsed elec-
tron-beam mass spectrometer [8, 9]. Briefly, about 3 torr
of the major gas, C2H4 or C3H6, was purified by passing
it through a dry-ice acetone-cooled 5 Å molecular sieve
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trap. Electron-capture reagent gases, NF3, CCl4, CH2Br2,
and CH3I, were introduced into the major gas through
a flow-controlling stainless steel capillary in order to
generate F2, Cl2, Br2, and I2, respectively. To obtain
reliable plots, the equilibrium constants were measured
down to the condensation points of the electron capture
reagent gases or the major gases C2H4 and C3H6.
Because X2 . . . olefin systems are very fundamental,
their bond energies must be determined accurately. In
order to assess the experimental bond energies ab initio
calculations were performed. Geometries of X2(olefin)1
(X 5 F, Cl, and Br) were optimized using the fourth-
order Mo¨ller-Plesset perturbation theory [MP4(SDQ)]
with the 6-311G* basis set. The diffuse function (1) is
indispensable to describe properly anionic systems [10].
Subsequent numerical vibrational analyses were made
to check whether the obtained geometries are correctly
at the energy minima and to obtain the zero-point
vibrational energies (ZPEs). To evaluate electronic en-
ergies, single-point energy calculations at QCISD(T)/6-
3111G(d,p) were made on the MP4(SDQ)/6-311G*
geometries. For F2(C2H4)1, F
2(C3H6)1, and Cl
2(C2H4)1,
QCISD(T)/6-31111G(d,p)//MP4(SQD)/6-31111G**
calculations were also made. In order to obtain struc-
tures of large clusters (X 5 F, Cl, Br, and I), calculations
using density functional theory, B3LYP [11], were per-
formed with the LANL2DZ(*,1) basis set. This basis set
is composed of LANL2DZ [12] including the effective
core potential, polarization functions (*) on carbon and
halogen atoms, and diffuse functions (1) on halogen
atoms. For X2(C2H4)1, B3LYP/LANL2DZ(**,11) calcu-
lations were performed, where polarization and diffuse
functions were added to C, X, and H atoms. All the
calculations were performed using the GAUSSIAN 94
[13] and GAUSSIAN 98 [14] program installed on the
CONVEX SPP-1200/XA computer at the Information
Processing Center (Nara University of Education).
Results and Discussion
Experimental Results
For all the negative ions investigated, equilibria for the
clustering reaction 1 were observed,
X2(olefin)n21 1 olefin 5 X
2(olefin)n (1)
where X2 and olefin represent halide ions (F2, Cl2, Br2,
and I2) and ligand molecules (C2H4 and C3H6), respec-
tively. As an example, the temperature dependences of
equilibrium constants for reaction 1 for X2 5 F2 and
olefin 5 C2H4 and C3H6 are displayed as van’t Hoff
plots in Figure 1. Thermochemical data obtained from
the plots are summarized in Table 1 for olefin 5 C2H4
and in Table 2 for olefin 5 C3H6.
In Figure 1 for X2 5 F2 and olefin 5 C2H4, a gap
appears in the plots between n 5 4 and 5. In Table 1,
the corresponding irregular decrease in 2DH°n21,n be-
tween n 5 4 and 5 is shown. This falloff indicates that
F2 is solvated preferably by the first four C2H4 ligands.
The F2(C2H4)4 is likely to have a highly symmetric
tetrahedral structure. The drop in 2DS°3,4 5 24 e.u. 3
2DS°4,5 5 20 e.u. in Table 1 means that the n 5 5
ligand has more floppy motion than do the n # 4
ligands. This suggests that the first shell is completed
for the cluster F2(C2H4)n with n 5 4.
In contrast, the 2DH°n21,n values decrease monoton-
ically with n for X2 5 F2 and olefin 5 C3H6 (see Table
2). The cluster ion F2(C3H6)n does not seem to have any
symmetric shell structure. It should be noted that the
bond energies for F2(C3H6)n are larger than those for
F2(C2H4)n except for n 5 4. The steady increase in
2DS°n21,n up to n 5 6 suggests that these ligands
belong to the first shell although C3H6 is bulkier than
C2H4.
For X2 5 Cl2, Br2, and I2 and olefin 5 C2H4, the
values of 2DH°n21,n and 2DS°n21,n show monotonic
decrease and increase, respectively, with n (Table 1).
This suggests that all the ligands up to the largest n
measured belong to the first shell in the cluster ions.
The exceptional case for F2 may be due to its smaller
size leading to the stronger bond energies with n # 4.
In the case of X2 5 Cl2 and olefin 5 C3H6, Cl
2 is
solvated by the first two C3H6 ligands equally well and
a steep decrease in the values of 2DH°n21,n was ob-
served between n 5 2 and 3 and n 5 3 and 4. With n $
4, the values 2DH°n21,n become nearly n independent.
For X2 5 Br2 and I2 and olefin 5 C3H6 (Table 2), only
a gradual decrease in 2DH°n21,n with n is observed. The
larger sizes of these halide ions make it possible for
these ligands to interact in the first solvation shell.
The fluoride ion F2 is a hard base and is the most
nucleophilic reagent among the four halide ions in the
gas phase. In our previous work [15, 16], F2 was found
to react with CO2 and C6F6 to form covalent adduct
ions, the fluoroformate ion FCO22 and the C6F72 ion,
respectively. Despite the high reactivity of F2, the
binding energies of this ion with C2H4 and C3H6 were
found to be small, only the magnitude of electrostatic
interactions. It is evident that the formation of a C–F
bond is prohibited probably because of the destabiliza-
tion caused by the exchange repulsion between the
closed-shell electron cloud of F2 and the p electrons of
alkenes. Halide ions cannot react with C2H4 and C3H6
by anionic polymerization.
Theoretical Results and Discussion
Figure 2 shows geometries of X2(C2H4)n. All of these
clusters were found to have hydrogen-bonded struc-
tures. Geometric data are displayed in Table 3. First,
X2(ethylene)1 geometries are examined. Intermolecular
distances (R1), 1.797 Å (X 5 F), 2.599 Å (X 5 Cl), 2.875
Å (X 5 Br), and 3.201 Å (X 5 I), are nearly proportional
to the ionic radii, 1.36 Å (X 5 F), 1.81 Å (X 5 Cl), 1.96 Å
(X 5 Br), and 2.20 Å (X 5 I). The C–H bond which is in
contact with the fluoride ion is elongated appreciably
(R2 5 1.114 Å for n 5 1). However, in other
145J Am Soc Mass Spectrom 2001, 12, 144–149 H BONDS IN GAS-PHASE HALIDE ION–OLEFIN CLUSTERS
X2(ethylene)1 systems, those bonds are hardly elon-
gated (R2 > R3). The extent of elongation is in line with
the extent of electronic charge migration from X2 (dx in
Table 3). Hydrogen-bond angles (Als) are more than
170°. The following bridge (bidentate) forms (A) and (B)
were initially examined as potential cluster structures.
However, these initial geometries have been trans-
formed into those in Figure 2. In our previous study, the
following differences were obtained for X2(C6H6)1 clus-
ters [17].
Figure 1. van’t Hoff plots for the clustering reactions
F2(C2H4)n21 1 C2H4 5 F
2(C2H4)n and F
2(C3H6)n21 1 C3H6 5
F2(C3H6)n. The lowest temperatures measured are just above the
condensation points of the C2H4 (T 5 116 K) and C3H6 (T 5 147 K)
reagent gases.
Table 1. Experimental (DH°n21,n and DS°n21,n) and calculated (DE) thermochemical data for the gas-phase clustering reactions for
halide ions with ethylene. DH°n21,n and DE are in kcal/mol and DS°n21,n is in e.u. (standard state, 1 atm). Experimental errors for
DH°n21,n and DS°n21,n are about 60.3 kcal/mol and 62 e.u., respectively
n
F2 Cl2 Br2 I2
2DH°n21,n 2DS°n21,n 2DH°n21,n 2DS°n21,n 2DH°n21,n 2DS°n21,n 2DH°n21,n 2DS°n21,n
1 8.8 14 5.4 18 4.7 15 3.7 14
[9.73]a [4.77]a [3.84]a
[10.14]b [5.18]b
[9.41]c [4.13]c [3.20]c [2.44]c
[10.23]d [4.52]d [3.51]d [2.57]d
2 7.7 18 5.3 20 4.2 16 3.6 18
3 7.3 22 4.9 21 3.8 17 3.5 19
4 6.9 24 4.9 22 3.5 18 3.4 20
5 5.1 20 4.4 22 3.4 21
6 4.8 22 4.3 23
7 4.2 22 4.2 24
8 3.7 23
aQCISD(T)/6-3111G(2d,p)//MP4(SDQ)/6-311G* ZPE.
bQCISD(T)/6-31111G(d,p)//MP4(SDQ)//6-3111G** ZPE.
cB3LYP/LANL2DZ(*,1)//B3LYP/LANL2DZ(*,1).
dB3LYP/LANL2D2(**,11)//B3LYP/LANL2D2(**,11).
Table 2. Experimental (DH°n21,n and DS°n21,n) and calculated (DE) thermochemical data for the gas-phase clustering reactions for
halide ions with propylene. DH°n21,n and DE are in kcal/mol and DS°n21,n is in e.u. (standard state, 1 atm). Experimental errors for
DH°n21,n and DS°n21,n are about 60.3 kcal/mol and 62 e.u., respectively
n
F2 Cl2 Br2 I2
2DH°n21,n 2DS°n21,n 2DH°n21,n 2DS°n21,n 2DH°n21,n 2DS°n21,n 2DH°n21,n 2DS°n21,n
1 9.8 16 5.9 16 5.5 15 4.6 15
[11.44]a [6.32]a [5.14]a
[9.53]b [4.39]b [3.39]b [2.45]b
2 8.8 19 5.8 17 5.1 17 4.5 18
3 7.8 20 5.2 18 4.8 19 4.4 20
4 6.7 23 4.6 18 4.7 19
5 6.0 23 4.5 18 4.5 20
6 5.6 25 4.4 18 4.4 21
7 4.3 19
aQCISD(T)/6-3111G(2d,p)//MP4(SDQ)/6-311G* ZPE.
bB3LYP/LANL2DZ(*,1)//B3LYP/LANL2DZ(*,1).
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In this work, a difference is observed between the
geometries of the I2 clusters with ethylene and benzene:
The C2v-constrained bifurcated geometry (A) or (B)
of I2(C2H4)1 is at a saddle point of the I
2 shift with the
activation energy, 10.50 kcal/mol. Because hydrogens
connected to the sp2 hybridized orbital have similar
environments in ethylene and benzene, this difference
is curious. The difference of the hydrogen-bond direc-
tionality between I2(ethylene)1 and I
2(benzene)1 is ex-
plicable in terms of frontier orbitals of ethylene and
benzene (Figure 3). In-plane C–H antibonding orbitals
(s*C–H) are shown in Figure 3. Ethylene has a larger s*C–H
orbital than benzene, and the former is a better acceptor
of the electronic charge from X2. Thus, although the
directionality is retained even in I2(ethylene)1, it is lost
due to weak I2 3 C6H6 charge transfer. In fact, the
intermolecular I2 . . . HC Mulliken charge density of
I2(C2H4)1, 10.020, is larger than twice the density of
Figure 2. Geometric structures of X2(ethylene)n. Optimized val-
ues of parameters R1, A1, R3, and R2 are displayed in Table 3. For
n 5 4, the F2(C2H4)4 cluster is tetrahedral, whereas the X
2(C2H4)4
(X 5 Cl, Br, or I) cluster is planar.
Table 3. Geometric parameters of X2(ethylene)n optimized by B3LYP/LAN2DZ(*,1) and defined in Figure 2. Values in square
brackets are those by MP4SDQ/6-311G*. dx is the Mulliken net atomic charge (positive, cationic) on the halide ion.
X2 n
H–X2
R1 (Å)
C–H
R2 (Å)
C–H
R3 (Å)
C–H . . . X2
A1 (°) dx
F2 1 1.797 1.114 1.096 174.4 20.95
[1.855] [1.107] [1.094] [176.2]
2 1.845 1.108 1.095 174.1 20.94
3 1.910 1.104 1.094 173.7 20.93
4 1.946 1.101 1.094 174.5 20.95
Cl2 1 2.599 1.094 1.092 170.3 20.98
[2.598] [1.091] [1.091] [173.6]
2 2.646 1.094 1.092 170.2 20.98
3 2.668 1.093 1.092 170.4 20.97
4 2.675 1.093 1.092 170.4 20.97
Br2 1 2.875 1.093 1.092 172.9 20.99
[2.798] [1.090] [1.090] [177.7]
2 2.876 1.093 1.092 174.2 20.98
3 2.908 1.092 1.091 173.5 20.98
4 2.909 1.092 1.091 174.0 20.98
I2 1 3.201 1.092 1.091 178.0 20.99
2 3.187 1.091 1.091 178.0 20.99
3 3.213 1.091 1.091 171.5 20.99
4 3.219 1.091 1.091 172.2 20.99
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I2(C6H6)1, 2 3 0.0074. Furthermore, because the ben-
zene hydrogen is more positive (10.23) than the ethyl-
ene one (10.22), the bidentate form of I2(benzene)1 is
preferred because of the electrostatic attraction. In gen-
eral, when the charge transfer interaction is dominant, a
X2 . . . H–C structure is preferred so as to allow the
maximum overlap between the lone-pair orbital of X2
and s*C–H.
Second, the n dependence of X2(ethylene)n geome-
tries have been examined. For F2(ethylene)n, intermo-
lecular distances (R1s) increase as n grows large. The
enlargement is consistent with the steady decrease of
bond energies, 8.83 7.73 7.33 6.9 kcal/mol, in Table
1. For X2(ethylene)n (X Þ F), on the other hand, the
increase is only slight, which is in accord with the
almost constant bonding energies regardless of n. In
X2(ethylene)4 geometries, tetrahedral (X 5 F) and pla-
nar (X 5 Cl, Br, I) type structures have been obtained.
The structural difference is explicable in terms of the
presence or absence of sp3 hybridization on the halide
ions. For the fluoride ion, sp3 tetrahedral directionality
is attained through the ready 2s–2p mixing. In contrast,
for other halide ions, the sp3 hybridization is not
attained due to the large ns–np (n $ 3) energy gap.
This large gap comes from the relativistic effect. The
presence or absence of the sp3 hybridization is reflected
in the bond angles of di- and tri-atomic hydride mole-
cules, i.e., the bond angles of H2O, H2S, H2Se, and H2Te
are 104.5°, 92.1°, 90.6°, and 90.3°, respectively, and those
of NH3, PH3, AsH3, and SbH3 are 106.7°, 93.3°, 92.1°,
and 91.6°, respectively.
Table 4 shows geometric data for X2(propylene)1. A
striking result is that X2 is bonded to a vinylic hydro-
gen and to a methyl hydrogen atom. X2(propylene)1 is
of the bidentate form. Hydrogen-bonded isomers are
also present but are ;2 kcal/mol less stable than the
corresponding bidentate forms.
The larger bonding energies of X2(propylene)n in
Table 2 relative to those of X2(ethylene)n are ascribed to
the presence or absence of the attraction of
X2 . . . methyl hydrogen. Owing to the bridge form of
X2(propylene)1, the hydrogen-bond directionality
(A1 5 150°–156°) is poorer than that of X2(ethylene)1
(A1 5 170°–178°). Accordingly, intermolecular dis-
tances (R1s) of X2(propylene)1 are larger than those of
X2(ethylene)1. The lower directionality means that the
interaction in F2 . . . propylene is composed of electro-
static (main) and charge transfer (minor) attractions.
Due to Coulombic forces, F2(propylene)n completes the
first shell with n 5 6. On the other hand, the interaction
is mainly by charge transfer in F2 . . . ethylene. The
F2(ethylene)n cluster completes the first shell with n 5
Table 4. Geometric parameters of X2(propylene)1 optimized by B3LYP/LANL2DZ(*,1). Values in square brackets are those by
MP4SDQ/6-311G*. dx is the Mulliken net atomic charge (positive, cationic) on the halide ions.
X2 R1 (Å) R2 (Å) R3 (Å) A1 (°) R4 (Å) A2 (°) dx
F2 2.014 1.098 1.094 151.8 2.140 153.3 20.96
[2.036] [1.098] [1.093] [151.1] [2.167] [152.9]
Cl2 2.815 1.092 1.092 155.3 2.874 159.4 20.99
[2.742] [1.091] [1.091] [155.5] [2.809] [159.7]
Br2 3.108 1.091 1.091 156.1 3.121 162.0 20.99
[2.909] [1.090] [1.090] [155.8] [2.939] [161.6]
I2 3.557 1.090 1.091 154.1 3.389 167.8 21.00
Figure 3. Shapes of the lowest s* (in-plane) vacant orbitals which
accept electronic charge from X2. Contour curves are depicted in
the same density scale. PM3 molecular orbitals are drawn, where
the hydrogen 1s atomic-orbital coefficients are 60.343 for C2H4
and 60.238 for C6H6, respectively. The STO-3G coefficients are
60.624 and 60.509. With other calculations, it is confirmed that
the coefficients of C2H4 are larger than those of C6H6.
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4, due to the sp3 hybridization on the fluoride ion [see
the geometry of F2(ethylene)4 in Figure 2].
This work has demonstrated that interactions be-
tween halide ions and olefins are weak and are of the
order of hydrogen bonds. No anionic polymerizations
have been observed. X2(ethylene)n clusters are com-
posed of almost linear X2 . . . H–C hydrogen bonds. In
contrast, X2(propylene)n clusters are of the bidentate
form. Bond energies of X2(olefin)1 measured here gen-
erally are in good agreement with the present compu-
tational data. The theoretical values for F2(olefin)1 bond
energies are slightly larger than the experimental ones.
For larger halide ions, the opposite trend is observed.
However, these differences are only ;1 kcal/mol or
less.
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